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Introduction {#sec1}
============

Visible light photoredox catalysis has become a prominent sector of synthetic methodology in the last several years due to its mild nature, its high functional group compatibility, and the unique mechanistic approaches it enables.^[@ref1]^ Common photocatalysts include Ru(II) or Ir(III) complexes, which undergo metal-to-ligand charge transfer (MLCT) upon irradiation with visible light. Intersystem crossing reveals a relatively long-lived excited state (e.g., for Ru(bpy)~3~^2+^\*, τ = 1100 ns^1^), allowing for productive outer-sphere electron transfers to take place.^[@ref2]^ Both the quenching of the excited state photocatalyst and the subsequent return to the original oxidation state afford opportunities to utilize the metal in single electron transfer (SET) processes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Because this quenching can be performed in both oxidative and reductive manifolds (generating Ru(III) or Ru(I), respectively), this mode of catalysis offers significant flexibility. Additionally, altering the metal (Ru, Ir, Cu, Cr, etc.) or ligand leads to predictable changes in redox potentials, allowing one to tailor the catalyst to one's needs.^[@ref3]^ Importantly, these photochemical methods offer unusually mild entry to radical reaction manifolds, as they generally operate at ambient temperatures, employ bench-stable reagents, and typically display higher functional group tolerance than traditional methods. In contrast, classical approaches tend to require hazardous radical initiators (e.g., AIBN, BEt~3~), toxic reagents (e.g., Bu~3~SnH), and in many cases, high temperatures. Photoredox catalysis has also proven to be uniquely well-suited to operate in flow, because the more uniform light penetration relative to batch processes allows for efficient catalyst excitation.^[@ref4]^ The enhanced scalability afforded by continuous flow processing has helped drive increasing interest from industry,^[@ref5]^ given the promise of reduced waste streams and more efficient material throughput. The benefits of employing safer and more sustainable methods are amplified upon transitioning from discovery to process scale, further incentivizing the design and application of novel visible light-mediated methodologies toward both natural and non-natural scaffolds of interest to pharmaceutical and agrochemical domains.^[@ref6]^

![Oxidative and reductive quenching cycles within photoredox catalysis (A) and structures of common transition metal photocatalysts (B).](ar-2016-00270b_0001){#fig1}

Initial Methodology and Applications to Total Synthesis {#sec2}
=======================================================

The aforementioned advantages of photoredox catalysis give synthetic chemists the opportunity to design and access new and more challenging reactions in an environmentally benign fashion. However, at the outset of our research program, the bulk of today's photoredox catalysts were exclusive to materials science and photovoltaics.^[@ref1]^ Alongside other pioneering works from MacMillan and Yoon,^[@ref7]^ our group was interested in applying photoredox catalysis toward novel bond disconnections in complex molecule synthesis, initially targeting radical C--C bond forming reactions.^[@ref8]^ Indole- and pyrrole-based systems took our attention due to their abundance in natural products and biologically active compounds (e.g., actinophyllic acid (**5**), [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The alkaloid natural product (+)-gliocladin C (**7**)^[@ref9]^ was an early target, motivated by the potential for a strategic C3--C3′ radical coupling reaction between a pyrroloindoline and an indole.^[@ref10],[@ref11]^ Specifically, it was anticipated that the combination of Ru(bpy)~3~Cl~2~ (**1**) and *N*,*N*-diisopropylethylamine (DIPEA) would lead to reductive quenching of the photoexcited catalyst to generate the Ru(I) species, which would subsequently reduce the C--Br bond of 3-bromopyrroloindoline **8** to form the desired tertiary radical and facilitate the designed intermolecular coupling. The predicted reduction occurred, but the desired coupling was not observed. Instead, the hydrodehalogenated pyrroloindoline **9** was obtained as single product ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B).^[@ref12]^

![Initial attempt at the total synthesis of (+)-gliocladin C.](ar-2016-00270b_0002){#fig2}

Subsequent investigation rationalized these results through the discovery that the amine was not only an effective quencher of the excited state photocatalyst but also a potent H-atom donor. We have subsequently leveraged this knowledge by productively employing α-amino radical cations and iminium intermediates in methodology,^[@ref13]^ total synthesis,^[@ref14]^ and the synthesis of pharmaceuticals.^[@ref15],[@ref16]^

While the first attempt en route to (+)-gliocladin C gave no traces of the desired C--C bond coupling, the formation of this dehalogenated product **9** served as the foundation for further development of a general tin-free, visible light-mediated hydrodehalogenation protocol. Applying the Ru(bpy)~3~^2+^ conditions to a range of different activated alkyl bromides and chlorides afforded the hydrodehalogenation products in excellent yields without the need for tin hydrides or hazardous radical initiators.^[@ref12]^ As expected, aryl or alkenyl iodides were completely unreactive ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, left), given their exceptionally negative reduction potentials (−2.24 V vs SCE for iodobenzene^[@ref17]^). However, several Ir(III)-based photocatalysts offer significantly more reducing power than Ru(bpy)~3~^+^, potentially allowing one to dehalogenate less activated systems. Indeed, by employing the oxidative quenching cycle of *fac*-Ir(ppy)~3~ (**4**), we achieved deiodination of unactivated alkyl, vinyl, and aryl iodides, with good functional group tolerance ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, right).^[@ref18]^ Of note, reduction potentials are conventionally reported as peak potentials, yet these redox processes actually occur over a range of potentials (generally several hundred millivolts), enabling electron transfers that appear impossible based on literature values; thus while the excited state of **3** would seem to still be insufficiently reducing to affect aryl iodides, the reduction proceeds cleanly. Importantly, the application of flow technologies in both cases demonstrated superior performance relative to batch, allowing shorter reaction times with up to 20-fold decrease in the photocatalyst loading ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).^[@ref19]^

![Catalyst effects in reductive dehalogenation methods and the effectiveness of continuous flow processing.](ar-2016-00270b_0003){#fig3}

As expected, while developing the reductive dehalogenation chemistry, a number of substrates with pendant olefins were found to readily undergo cyclization prior to H-atom abstraction (as seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Because our goals for the dehalogenative chemistry ultimately focused on C--C bond-forming reactions, we were highly intrigued by these observations and sought to develop more generalized intramolecular cyclization conditions. A key discovery toward this end was that malonate radicals were much less likely to abstract hydrogen when triethylamine was used in place of DIPEA. For example, bromomalonate derivative **10** afforded 60% of the cyclization product **12** as the sole isolated product when irradiated in the presence of triethylamine as opposed to the 1.3:1 mixture of cyclization product **12** to hydrodehalogenated product **11** obtained when employing DIPEA ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref20]^

![Divergent Reactivity of Trialkylamine Additives in the Photocatalytic Reduction of Alkylbromomalonates](ar-2016-00270b_0016){#sch1}

Armed with this knowledge, we explored the utility of this photochemical methodology within the context of classical cascade processes. Radical cascades are one of the most powerful tools for accessing complex structures in a single step,^[@ref21]^ if the substrate is stable to the conditions for radical initiation. Gratifyingly, our mild, visible light-mediated methods for generating carbon-centered radicals proved highly effective in a number of radical cascade processes,^[@ref20],[@ref22]^ generating fused tetracycle **14** from bromomalonate **13** and tricyclic compound **16** from alkenyne **15** in good yields as single diastereomers ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). While exploring new avenues to vinylcyclopropanes, we discovered a particularly interesting cascade in which a \[3,3\]-sigmatropic rearrangement was induced upon achieving our designed cyclization. Ir(III) photocatalyst **3** was found to be optimal for reducing 1-amidobromocyclopropanes (e.g., **17**); however, upon cyclization into the pendant alkyne, newly formed vinylcyclopropane (**18**) was properly disposed to undergo a subsequent divinylcyclopropane rearrangement, ultimately providing the seven-membered ring byproduct **19** after rearomatization in 69% yield ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).^[@ref23]^ Collectively, these results demonstrate that the already known utility of radical cascades to generate rapid gains in molecular complexity can be accessed with the mild conditions provided by photoredox catalysis.

![Applications of photoredox catalysis in intramolecular radical cascades.](ar-2016-00270b_0004){#fig4}

Having developed a body of expertise utilizing the reductive dehalogenation strategy in *intramolecular* C--C bond-forming reactions, we turned our attention to *intermolecular* additions. The coupling of indoles with malonate radicals was initially our primary focus, given that malonate-like motifs are common C2-substituents in bioactive indole alkaloids, such as actinophyllic acid (**5**) or undulifoline (**6**) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Initial efforts employed *N*,*N*-diphenyl-4-methoxyaniline as the reductive quencher (reducing the likelihood of H-atom abstraction pathways), which facilitated the coupling of malonate radicals to an extensive range of indole and pyrrole derivatives in good yields ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, left).^[@ref24]^ The application of this methodology in flow proved to be extremely efficient, achieving comparable reaction yields with only 1 min of residence time. As many of the indole alkaloids that inspired this work contain quaternary carbon centers adjacent to C2, a complementary method employing the more challenging tertiary malonate radicals was developed.^[@ref25]^ Avoiding the use of reductive quenching additives eliminated concerns over deleterious H-atom abstraction pathways. This was accomplished by directly reducing bromomalonate **20b** via oxidative quenching of the strongly reducing *fac*-Ir(ppy)~3~ photocatalyst (**4**) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, right), providing the targeted quaternary carbon centers in good to high yields.

![Intermolecular radical addition of secondary and tertiary radicals to electron-rich heterocycles.](ar-2016-00270b_0005){#fig5}

With a greater understanding of these reductive dehalogenation processes, we refined our approach toward the total synthesis of (+)-gliocladin C (**7**). Revisiting our strategic C3--C3′ coupling with triethylamine as the reductive quencher, we found that hydrodehalogenation of 3-bromopyrroloindoline **21** was avoided, but the coupling with *N*-methylindole exclusively formed the C3--C2′ adduct **22** ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). This issue was overcome through the use of 2-methoxycarbonylindole, generating the desired C3′-addition product (**23**) in 58% yield.^[@ref26]^

![Observed Regioselectivities in Intermolecular Pyrrole--Pyrroloindoline Couplings](ar-2016-00270b_0017){#sch2}

Transitioning these results toward the gliocladin scaffold, we prepared bromopyrroloindoline **25** from [d]{.smallcaps}-tryoptophan and employed the dehalogenative coupling conditions with 2-formylindole. The desired C3--C3′ coupling was observed, though the reaction stalled while employing triethylamine. Switching to an analogous amine with lower vapor pressure, *n*-tributylamine, ameliorated this issue, generating coupled product **26** in 82% yield on gram-scale. The subsequent deformylation, assemblage of the triketopiperazine moiety under microwave conditions, and global deprotection provided (+)-gliocladin C in 35% overall yield over 10 steps ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}).^[@ref26]^

![Total Synthesis of (+)-Gliocladin C](ar-2016-00270b_0018){#sch3}

In parallel with the above work, a new avenue for intermolecular C--C bond-forming processes evolved from the observation of intriguing byproducts in our early intramolecular cyclization efforts. Upon exposure of cyclopentene **29** to the optimized malonate addition protocol (*vide supra*, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), 85% of cyclized product was isolated, but this proved to be a 1:9 mixture of the anticipated reduced species **30a** and bromide **30b** ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref27]^ Discovering these Kharasch-type byproducts^[@ref28]^ sparked our interest in atom transfer radical addition (ATRA) chemistry, since this offered the potential for a uniquely efficient and economical method for dual functionalization of double (and perhaps triple) bonds. Similar to the intermolecular malonate--indole coupling detailed above, these transformations are redox neutral, theoretically eliminating the need for additives and reducing the likelihood of deleterious off-target reactivity. However, this would again necessitate direct oxidative quenching of the excited state photocatalyst with the alkyl bromide.

![Preliminary observation of Kharasch-type products in photoredox catalysis.](ar-2016-00270b_0006){#fig6}

Gratifyingly, preliminary optimization for the ATRA of diethyl bromomalonate across terminal olefins revealed that the heteroleptic Ir(III) photocatalyst \[Ir{dF(CF~3~)ppy}~2~(dtbbpy)\](PF~6~) (**2**) was effective when LiBr was added to activate the bromomalonate for reduction ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A).^[@ref29]^ This method tolerated a variety of functional groups while generally providing the radical transfer products in ≥90% yield. Further optimization avoided the need for additives through the use of \[Ru(bpy)~3~\]Cl~2~ (**1**) in DMSO. The scope of the ATRA chemistry was expanded under these conditions, employing both new halides (e.g., CCl~4~, TsCl) and previously recalcitrant olefins (i.e., strained 1,2-disubstituted olefins, styrenes; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B).^[@ref27]^ This strategy also proved effective for the iodoperfluoroalkylation of olefins and alkynes. This represented a new approach for fluorous tagging,^[@ref30]^ which we demonstrated through post-transformational labeling and fluorous phase removal of problematic byproducts. For instance, Wittig olefination of aldehyde **32** with phosphonium salt **31** proceeded cleanly to styrene **34** (∼1:1 dr); the crude mixture was then exposed to the optimized fluorous tagging ATRA methodology, allowing for easy removal of the phosphine oxide byproduct via fluorous solid phase extraction (F-SPE). The irradiation step also facilitated the isomerization of the stilbene to predominantly the *Z*-olefin via triplet sensitization (**35**; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C).^[@ref27],[@ref31]^

![Optimized procedures for visible light-mediated ATRA and applications in fluorous tagging.](ar-2016-00270b_0007){#fig7}

At this time, it was unclear whether a radical--polar crossover mechanism was affording the ATRA products or radical propagation pathways were driving the reaction forward; interestingly, experimentation would ultimately reveal evidence for both mechanisms. Supporting a polar mechanism, we observed a small amount of tetrahydrofuran byproduct **38** in ATRA additions to pentenol **36a**. Notably, isolated bromide **37a** could not be converted to tetrahydrofuran **38** upon exposure to the reaction conditions or after heating in toluene ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A), suggesting that a carbocation intermediate is necessary for its production. This cation could arise via radical addition to the olefin and oxidation of the resultant radical, returning the oxidized catalyst to its ground state. However, subsequent crossover studies would support a propagative pathway. Hexenol **36b** and bromoacetate **20d** alone provided no reaction under the optimized conditions, because this halide cannot be directly reduced by the excited state photocatalyst. In contrast, the bromoacetate-derived ATRA product **39** could be generated upon employing a mixture of bromomalonate **20c** and bromoacetate **20d**, indicating the involvement of radical propagation pathways ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B,C). Corroborating this complexity, Yoon and co-workers have recently demonstrated that a number of methods previously believed to proceed through fully catalyst-controlled mechanistic cycles are actually largely driven by radical propagation mechanisms.^[@ref32]^ Importantly, the balance between closed catalytic cycles and open chain processes depends not just on the transformation as a whole but also on specific conditions, including scale.^[@ref33]^ Demonstrating the viability of a given method on both discovery and preparative scales is thus critical to proving its potential to impact industrial processes.

![Competing mechanisms within photochemical ATRA methodology.](ar-2016-00270b_0008){#fig8}

Targeting Pharmaceutically Relevant Scaffolds {#sec3}
=============================================

As noted above, a significant driving force behind our initial photochemical efforts was to enable new bond disconnections toward biologically active natural products. This mentality has continuously resonated within the group, but concurrent with and complementary to amine oxidation efforts, which were beginning to realize this goal,^[@ref14],[@ref16]^ we began pursuing avenues toward the diversification of non-natural clinically relevant scaffolds. Specifically, we sought to leverage the unique capabilities of photoredox catalysis to access a variety of fluoroalkyl radical species^[@ref34]^ for the late-stage modification of therapeutic leads. Fluorinated functional groups (the trifluoromethyl group in particular) have become increasingly popular over the past few decades,^[@ref35]^ because these motifs have little effect on size and shape of lead compounds yet can offer dramatic modifications to physicochemical properties. The following details our efforts toward trifluoromethylated and difluorobenzylated scaffolds and the promising potential to translate these and related methods to the process scale.

In regards to trifluoromethylation, the gamut of methodology for introducing the CF~3~ group highlights the demand for reliable access to such products.^[@ref36]^ A number of methods have proven effective on the discovery scale, though these typically employ specialized reagents^[@ref37]^ with weakened X--CF~3~ bonds to facilitate *in situ* generation of the operative trifluoromethylation intermediate. In hopes of providing an approach tailored to industrial scales, our design focused on using abundantly available CF~3~ sources and eliminating the need for prefunctionalized substrates.^[@ref38]^ Fluoroform (a byproduct of Teflon production) offers one option,^[@ref39]^ though environmental concerns (greenhouse gas; atmospheric lifetime of 254 years^[@ref40]^) may supersede the cost benefits. Alternatively, trifluoroacetic acid and its anhydride (TFA, TFAA) are stable liquids and handled with relative ease. However, accessing the economic and operational practicality of these reagents in trifluoromethylation chemistry necessitates the activation of a highly stable C--C bond. Prior fragmentations of TFA required harsh thermolysis (140--210 °C with Cu salts^[@ref41]^) or oxidation of trifluoroacetate at potentials incompatible with standard solvents and many substrates (for F~3~CO~2~Na: *E*~ox~ \> +2.4 V vs SCE in MeCN).^[@ref42]^ As a result, TFA and TFAA have proven useful only in limited contexts, often requiring halogenated coupling partners^[@ref41]^ and (super)stoichiometric metal promoters.^[@ref41],[@ref43]^ We sought to alter this paradigm by providing a novel mode of C--C activation through the introduction of a "redox trigger", a component that would generate a modified trifluoroacetate *in situ* such that the redox potential lies within the reach of photochemical methods. A pyridine *N*-oxide (PNO)--TFAA system was designed, because the acylated PNO offers a weak N--O bond suspected to be readily amenable to reduction ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A). Indeed, cyclic voltammetry measurements revealed a half-cell potential of −1.10 V vs SCE in MeCN for the acylated intermediate **39**, with an onset potential of −0.86 V.^[@ref44]^ These values lie well within the ±1.3 V window available with Ru(bpy)~3~^2+^ catalytic cycles. Gratifyingly, this PNO--TFAA combination proved effective for the trifluoromethylation of a variety of (hetero)arenes (including those with Lewis basic functionality) as well as olefins when irradiated in the presence of photocatalyst **1** ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B).

![Accessing and implementing trifluoromethyl radicals derived from trifluoroacetic anhydride via visible light photoredox catalysis.](ar-2016-00270b_0009){#fig9}

The putative mechanism proceeds through direct oxidative quenching of the excited state photocatalyst with the acylated PNO **39**, liberating pyridine and the carboxyl radical **41**, which rapidly decomposes to CO~2~ and the desired CF~3~ radical. Addition of this radical to the substrate of interest (i.e., clinically relevant arene or heteroarene substructures), oxidation of the resultant radical, and base-mediated rearomatization generates the trifluoromethylated substrate and closes the catalytic cycle ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![Putative mechanism of photochemical trifluoromethylation with TFAA--PNO system.](ar-2016-00270b_0010){#fig10}

Importantly, this chemistry was readily translated to multigram scales for a number of substrates, including MIDA boronate **42**, which was shown to be viable in subsequent cross-coupling chemistry ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A). In addition, trifluoromethylated 2-chloropyridine **47**, a key intermediate in anti-infective programs at Boehringer Ingelheim, was prepared through this methodology ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}B).^[@ref45]^ Significantly, transitioning this new trifluoromethylation method to continuous flow processing improved the scalability.^[@ref46]^*N*-Boc-pyrrole (**48**) was trifluoromethylated in 57% yield (5:1 *mono*/*bis*) when run on 18 g scale under batch conditions over 15 h ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}C). The same reaction on 23 g scale, when run in flow with a 10 min residence time, afforded 71% of the product mixture. We are currently investigating continuous flow variants of this methodology for kilogram scale preparations of pharmaceutically relevant intermediates, work that will be reported in due course.

![Applications of visible light-mediated trifluoromethylation.](ar-2016-00270b_0011){#fig11}

In addition to trifluoromethylation, we are also interested in developing reliable methods toward alternative and unique fluoroalkyl motifs to facilitate drug discovery programs. One specific challenge for which we have provided a solution is the *gem*-difluorobenzyl functional group. This work was inspired by recent efforts toward ORL-1 antagonists (ORL-1 = opioid receptor-like 1; target indications for depression and obesity) framed around spirocyclic piperidine **52**. The reported route required just three steps to build the spirocyclic core **51** from alcohol **50**, but four additional operations were needed to incorporate the *gem*-difluoro motif, relying on 2.6 equiv of Deoxo-Fluor ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).^[@ref47]^ Circumventing this nonoptimal sequence could greatly increase material throughput for lead optimization and evaluation. Toward this end, we designed a photochemical radical Smiles rearrangement to generate difluorinated alcohol **53**, a substrate to be used in lieu of previous intermediate **50**.

![Redesigned route toward ORL-1 antagonist intermediate **52**.](ar-2016-00270b_0012){#fig12}

While radical Smiles rearrangements had previously been reported,^[@ref48]^ these generally required harsh/hazardous conditions, usually employing AIBN in high loadings (up to 50 mol %^[@ref49]^) as the radical initiator, presumably due to inefficient propagation processes. In contrast, our initially optimized method operated at ambient temperature with catalyst loadings as low as 0.01 mol %, requiring only tributylamine and formic acid as additives ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}).^[@ref50]^ The requisite 2-bromo-2,2-difluoroethanol is readily available from the corresponding ethyl ester **55** and couples efficiently with sulfonyl chlorides to provide the Smiles rearrangement-precursor. Notably, the wealth of commercially available sulfonyl chlorides suggests that this strategy can be used to diversify a vast range of (hetero)arene subscaffolds in a regioselective manner (note that thiophene substrates such as **53** are preferentially labeled at the 2- and 5-positions in the intermolecular fluoroalkylation strategies shown above). Indeed, a variety of heteroaryl substrates were amenable to this chemistry, many of which proceeded in good to high yields ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}).

![Selected examples of photochemical radical smiles rearrangement products.](ar-2016-00270b_0013){#fig13}

Importantly, this methodology was applied toward the target substrate of interest. Initial scale-up revealed that Smiles precursor **56** was readily converted to thiophene **57** in 69% yield on 15 g scale ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). The C2 methyl ester was saponified immediately after rearrangement as purification of the carboxylic acid proved to be operationally easier; decarboxylation then generated the targeted difluoroethanol intermediate **53** in just four steps from commercial materials. Recently, a more rigorous investigation of this method on preparative scale was undertaken, revealing a number of key insights on the mechanism.^[@ref51]^ It was shown to be highly propagative, and this chain process was found to be highly sensitive to oxygen. Rigorous degassing allowed for catalyst loadings as low as 0.01 mol %; purely thermal conditions were also shown to be viable, though this was highly substrate-dependent and required elevated temperatures relative to the photochemical route (65--70 °C vs 25 °C, respectively). Importantly, this work demonstrated that the Smiles rearrangement of thiophene **56** could be carried out on 100 g scale, suggesting industrial applicability for this regiochemical incorporation of benzylic *gem*-difluoro motifs.

![Preparative Scale Synthesis of Difluorinated Intermediate **53**](ar-2016-00270b_0019){#sch4}

Applications in Biofeedstock Processing {#sec4}
=======================================

Alongside our interest in the synthesis of pharmaceutically relevant scaffolds (previous section), our group has pursued alternative means of impacting industrial processes through our efforts in conversion of biomass into value-added chemicals.^[@ref52]^ In particular, we are highly interested in achieving the controlled depolymerization of lignin, one of the most abundant feedstocks for aromatic commodity compounds.

Lignin is a stable, branched biopolymer that is part of the cellular wall of plants and is primarily responsible for providing both rigidity and protection against environmental conditions. Its structure is primarily comprised of three different cinnamyl alcohols, coupling together to form a diverse array of motifs within the polymer chain ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}). This stability and highly varied connectivity has precluded attempts to cleanly isolate high value compounds through degradative processing; more commonly, low yields of functional chemicals (∼20% of syngas) are obtained, while producing bulk quantities of intractable byproducts.^[@ref53]^

![Structural representation of lignin.](ar-2016-00270b_0014){#fig14}

A wealth of academic research has sought to ameliorate these biomass processing issues, be it through oxidative, reductive, or redox-neutral approaches.^[@ref54],[@ref55]^ Many of these target the β-O-4 linkage, because this is the most abundant (45--65% of all linkages) and thus the most sensible starting point in lignin degradation efforts. Upon recognizing that the key β-O-4 bond is weakened following oxidation of the benzylic position (∼14 kcal/mol^[@ref56]^), we reasoned that photoredox catalysis could provide a mild means of cleaving that critical bond. A two-step procedure was designed in which selective oxidation of the α-carbon would be accomplished with \[4-AcNH-TEMPO\]BF~4~^[@cit54b]^ followed by photochemical reductive cleavage ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}A).^[@ref57]^

![Two-step protocol for the degradation of lignin model systems.](ar-2016-00270b_0015){#fig15}

Through this strategy, we were able to efficiently degrade a range of lignin model systems, isolating the fragmentation products in excellent yields when employing photocatalyst **3** under reductive quenching conditions ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}B).^[@ref58]^ Significantly, flow technologies proved beneficial for this system as well, affording significant improvements in terms of reaction time and photocatalyst loading (0.03 mol % **3**, 33 min residence time). The ability to reduce catalyst loading upon transitioning from batch to flow is a common advantage of flow processing, owing this improvement to the more efficient irradiation.

Conclusion {#sec5}
==========

Our interest in photoredox catalysis originally centered on its potential to enable new and efficient strategies for the formation of organic free radicals and their application in complex molecule synthesis. While that interest remains, the summation of our work provided above highlights the potential for these photochemical strategies to address needs and challenges in fields beyond the realm of total synthesis. Both the fluoroalkylation methods and lignin degradation efforts were motivated by similar principles: a high demand from industry and a lack of sustainable, environmentally benign alternatives. Industry's increasing investment in photochemical operations (especially those coupled with continuous flow processing^[@ref4],[@ref5],[@ref59]^) suggests that visible light-mediated methods will soon provide impactful advances in the pharmaceutical, agrochemical, and commodity chemical sectors.
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